RNA-Seq and gene set enrichment anylysis revealed that ovarian cancer associated fibroblasts (CAFs) are mitotically active compared with normal fibroblasts (NFs). Cellular senescence is observed in CAFs treated with H 2 O 2 as shown by elevated SA-b-gal activity and p21 (WAF1/Cip1) protein levels. Reactive oxygen species (ROS) production and p21 (WAF1/Cip1) elevation may account for H 2 O 2 -induced CAFs cell cycle arrest in S phase. Blockage of autophagy can increase ROS production in CAFs, leading to cell cycle arrest in S phase, cell proliferation inhibition and enhanced sensitivity to H 2 O 2 -induced cell death. ROS scavenger NAC can reduce ROS production and thus restore cell viability. Lactate dehydrogenase A (LDHA), monocarboxylic acid transporter 4 (MCT4) and superoxide dismutase 2 (SOD2) were up-regulated in CAFs compared with NFs. There was relatively high lactate content in CAFs than in NFs. Blockage of autophagy decreased LDHA, MCT4 and SOD2 protein levels in CAFs that might enhance ROS production. Blockage of autophagy can sensitize CAFs to chemotherapeutic drug cisplatin, implicating that autophagy might possess clinical utility as an attractive target for ovarian cancer treatment in the future.
Introduction
Epithelial ovarian cancer has the highest mortality rate of all gynecologic cancers because most patients are detected at latestage of tumor growth. 1 Tumor growth is determined by malignant cancer cells themselves and by the tumor stromal microenvironment. Activated fibroblasts that are found in association with cancer cells are known as cancer-associated fibroblasts (CAFs), which are a key cellular component of the tumor stromal microenvironment and play important roles in cancer initiation, progression and metastasis. 2, 3 Surgery and platinum-based cytotoxic chemotherapy can be curative for most patients with early stage disease. However, cisplatin treatment often results in the development of chemoresistance and one of the mechanisms of cisplatin is to trigger mitochondrial outer membrane permeabilization by generating reactive oxygen species (ROS). 4, 5 Autophagy is a pathway by which cytoplasmic organelles or cytosolic components, including intracellular pathogens, are sequestered in a double-membrane-bound autophagosome and delivered to the lysosome for degradation. Autophagy is essential for survival, differentiation, development, and energy homeostasis, and is involved in many diseases, including cancer, neurodegeneration and microbial infection. This pathway can be stimulated by multiple forms of cellular stress, including nutrient or growth factor deprivation, hypoxia, ROS, DNA damage, protein aggregates, damaged organelles, or intracellular pathogens. [6] [7] [8] Defective autophagy has been detected in different tumors, implying a tumor suppressive function of autophagy. [9] [10] [11] [12] However, autophagy also displays tumor promoting functions in many cases, which implies that the functional role of autophagy in tumorigenesis is contextdependent. [13] [14] [15] [16] [17] [18] ROS-induced autophagy can provide negative feedback regulation by which autophagy eliminates the source of oxidative stress and protects the cell from oxidative damage. 19 By comparing CAFs isolated from ovarian cancer tissues with normal fibroblasts (NFs) that were isolated from noncancerous prophylactic oophorectomy specimens, we show that CAFs develop mechanisms resistant to oxidative stress and that autophagy is involved in this process. Our results show that targeting autophagy might show clinical utility in ovarian cancer therapy.
shown in Figure 1A , the immunofluorescence intensity of FSP1 was higher in CAFs than in NFs. Protein levels of a-SMA were obviously higher in CAF2 cells and slightly higher in CAF1 cells compared with NFs cells. NF1, NF2 and CAF1 can be passaged more than 10 generations. However, CAF2 and CAF3 stopped proliferating after passage 4/5. We analyzed the cell cycle of the five cell lines at passage 4 and found that NF1, NF2 and CAF1 showed typical division cell cycle consisting of G1, S and G2/M phases, but CAF2 and CAF3 only showed G1 phase (Fig. 1B and  1C) , suggesting that CAF2 and CAF3 were arrested in G1 phase. Yang et al. showed that ovarian cancer cells can transform CAFs into senescent fibroblasts in 26 of 31 ovarian carcinoma tissues. 22 Since senescent cells can arrest growth in G1 phase, 23 cell senescence may be the reason that CAF2 and CAF3 cannot be passaged more than 5 generations. The difference between CAF1 and the other 2 CAF cell lines implicated that heterogeneity of ovarian CAFs may contribute differently to ovarian cancer. We focused on CAF1 in our study. RNA-Seq was performed to demonstrate the difference between NF1 and CAF1. To identify the pathways that are enriched in CAF1 cells, we utilized the GSEA (gene set enrichment analysis). A total of 36 gene signatures enriched in CAF1 cells were identified (Table 1 ). All gene sets were with an FDR0.25 and ranked by their normalized enrichment scores (¡2.34 NES ¡1.48) ( Table 1 ). As shown in Table 1 and Figure 1D , the gene sets and the corresponding pathways enriched in CAF1 were mainly associated with mitosis and cell cycle, suggesting that CAF1 cells were mitotically active. Histone H3 is specifically phosphorylated at Ser10 during mitosis. 24 We examined the levels of phospho-histone H3 in NF1 and CAF1 cells at passage 6. As shown in Figure 1E , there were more mitotic signals among CAF1 cells compared with NF1 cells. Western blot analysis showed that phospho-histone H3 was higher in CAF1 cells than in NF1 cells (Fig. 1F) .
Ovarian CAFs are resistant to oxidative stress
Oxidative stress can switch mitotic cells into a growth-arrested, senescence-like state in which they may survive for long periods. 25 We compared the influence of exogenous oxidative stress on NFs and CAFs. When the cells were treated with H 2 O 2 to induce oxidative stress, the viability of NF1, NF2 and CAF1 were 47%, 59% and 90%, respectively ( Fig. 2A and Fig. 2B ), suggesting that CAF1 cells were resistant to oxidative stress. CAF1 cells treated with H 2 O 2 showed increased senescence-associated acidic b-galactosidase (SA-b-gal) activity as compared with untreated cells at both high cell density (Fig. 2C upper panel) and low cell density (Fig. 2C middle panel) . And the morphology of low density cells treated with H 2 O 2 became flatter and more irregularly ( Figure 2C middle panel and lower panel). These results suggested that H 2 O 2 induced senescence in CAF1 cells. Western blot analysis showed that when CAF1 cells were treated with H 2 O 2 , p21 (WAF1/Cip1) protein levels which is associated with cell cycle arrest and senescence increased (Fig. 2D) . Cell cycle analysis showed that H 2 O 2 increased mainly S phase percentage ( Fig. 2E and Fig. 2F ), suggesting H 2 O 2 arrested CAF1 cells in S phase. H 2 O 2 induced ROS production in CAF1 cells (Fig. 2G ). It has been reported that both p21 (WAF1/Cip1) and ROS can induce S phase arrest. [26] [27] [28] Elevated p21 (WAF1/Cip1) and ROS production may be responsible for S phase arrest of CAF1 cells treated with H 2 O 2 .
Autophagy protects ovarian CAFs against oxidative stress by inhibiting ROS production ROS can induce autophagy in cells and activated autophagy can eliminate ROS. 29 Autophagy may protect CAF1 against oxidative stress. Western blot analysis showed that autophagosome markers LC3-II and SQSTM1/p62 increased and decreased, respectively ( Fig. 2D ), suggesting autophagy was activated in CAF1 cells treated with H 2 O 2 . We investigated whether blockage of autophagy could sensitize CAF1 cells to H 2 O 2 by knockdown of autophagy essential genes with siRNA targeting Atg5 or Beclin. As shown in Figure 3A and Figure 3B , knockdown of Atg5 or Beclin can enhance the sensitivity of CAF1 cells to H 2 O 2 . Moreover, even if there was no H 2 O 2 , knockdown of Atg5 or Beclin decreased the cell viability ( Fig. 3B ), suggesting that blockage of autophagy inhibited CAF1 cells proliferation. Cell cycle analysis showed that knockdown of Atg5 arrested CAF1 cells in S phase ( Fig. 3C and Fig. 3D ), a phenotype similar to the cells that were treated with H 2 O 2 ( Fig. 2E and Fig. 2F ). Flow cytometry analysis showed that knockdown of Atg5 or Beclin increased ROS production in CAF1 cells (Fig. 3E) . ROS scavenger N-acetyL-cysteine (NAC) reduced ROS production ( Fig. 3F ) and restored cell viability (Fig. 3G ) caused by knockdown of Beclin. These results suggested that autophagy protected CAF1 cells against oxidative stress by inhibiting ROS production. Knockdown of Atg5 or Beclin can enhance the sensitivity of CAF1 cells to chemotherapeutic drug cisplatin-induced cell death (Fig. 3H ), presumably by enhancing the sensitivity to cisplatin-induced oxidative stress.
MCT4 and LDHA protein levels are down-regulated and lactate is accumulated in CAFs when autophagy is inhibited
Lactate is a key metabolic player in cancer by fueling tumor cells as an energy source and contributing to immune escape and metastasis. Lactate synthesis requires lactate dehydrogenase A (LDHA), and lactate transport is mediated by monocarboxylic acid symporters: MCT1 (SLC16a1), MCT2 (SLC16a7), MCT3 (SLC16a8), and MCT4 (SLC16a3). [30] [31] [32] Our RNA-Seq data showed that LDHA and MCT4 were upregulated in CAF1 compared to NF1. Both the mRNA and protein levels of LDHA and MCT4 were higher in CAF1 than in NF1 cells (Fig. 4A and Fig. 4B ). Consistent with the higher protein level of LDHA, the level of lactate was higher in CAF1 cells than in NF1 cells (Fig. 4C) . The intracellular pH (pHi) of NF1 cells and CAF1 cells were 6.98 § 0.15 and 6.67 § 0.07, respectively (p < 0.05, Fig. 4D ), indicating the intracellular environment of CAF1 cells was acidic. Knockdown of Atg5 or Beclin decreased LDHA and MCT4 but not MCT2 protein levels in CAF1 cells (Fig. 4E) . Down-regulation of MCT4 resulted in lactate accumulation in CAF1 cells (Fig. 4F) .
SOD2 levels increase in CAFs and can be downregulated by autophagy blockage Intracellular ROS levels are tightly controlled by four primary antioxidant enzymes superoxide dismutase (SOD) 1 and 2, glutathione peroxidase (GPx) and catalase. They scavenge ROS and restore the redox balance. 19, 33 Our RNASeq data showed that SOD2 was enhanced in CAF1 cells. A series of anti-oxidant enzymes including SOD1, SOD2, catalase, glutathione peroxidase (Gpx) and thioredoxin reductase (TRx) were examined by RT-PCR, and only SOD2 was up-regulated in CAF1 cells (Fig. 5A) . SOD2 protein levels were also higher in CAF1 than in NF1 cells (Fig. 5B) . Knockdown of Atg5 or Beclin decreased mRNA levels and protein levels of SOD2 (Fig. 5C and Fig. 5D ), while SOD1 protein levels were unaffected (Fig. 5D ).
Discussion
GSEA revealed that ovarian CAFs were mitotically active compared with NFs (Table 1 and Fig. 1D ). This may reflect the fact that the tumor needs to divide rapidly. Cellular senescence is a protective state in which cells can survive the oxidative stress without proliferating. 23, 25 Mitotic CAFs may use this mechanism to avoid H 2 O 2 -induced cell death because elevated SA-b-gal activity and p21 (WAF1/Cip1) protein levels were observed in CAFs treated with H 2 O 2 ( Fig. 2A-D) . Although overexpression of p21 (WAF1/Cip1) can result in G1, G2, or S phase arrest. 27 ROS can induce S phase arrest too. 26, 28, 34 Intracellular ROS production (Fig. 2G ) and p21 (WAF1/Cip1) elevation may account for H 2 O 2 -induced CAFs cell cycle arrest in S phase ( Fig. 2E and Fig. 2F ).
H 2 O 2 activated autophagy in CAFs as shown by increased LC3-II and decreased SQSTM1/p62 expression (Fig. 2D) . Blockage of autophagy can increase ROS production in CAFs (Fig. 3E ), leading to cell cycle arrest in S phase (Fig. 3C and  Fig. 3D ). Fibroblasts arrested in S phase tend to die later. 35 This may be the reason that blockage of autophagy can inhibit CAFs proliferation (Fig. 3E ) and enhance CAFs sensitivity to H 2 O 2 -induced cell death (Fig. 3A and Fig. 3B ). ROS scavenger NAC could reduce ROS production (Fig. 3F ) and restored cell viability (Fig. 3G) . These results suggested that autophagy protected CAFs against oxidative stress. Moreover, blockage of autophagy could sensitize CAFs to cisplatin, implicating that autophagy play an important role in ovarian cancer chemoresistance.
It has been reported that loss of Cav-1 can cause oxidative stress, which will then induces increased MCT4 expression in stromal cells. Subsequently, stromal cells can export lactate via MCT4 to fuel cancer cells. [36] [37] [38] Our RNA-Seq results showed that Cav-1 mRNA levels were similar between CAFs and NFs (data not shown). However, the proteins controlling lactate synthesis and transport, including LDHA and MCT4 (Fig. 4A and Fig. 4B ), were increased in CAFs. So loss of Cav-1 cannot explain increased LDHA and MCT4 protein levels in CAFs. They were elevated probably because CAFs function as lactate reservoir to fuel cancer cells. Indeed, we showed that the lactate level was higher in CAFs than in NFs, which created an acidic intracellular environment in CAFs (Fig. 4C and Fig. 4D ). Lactate is considered to have anti-oxidant function in radiotherapy. 39, 40 Blockage of autophagy decreased LDHA and MCT4 protein levels in CAFs (Fig. 4E) , resulting in lactate accumulation in CAFs (Fig. 4F) . Disturbed lactate homeostasis by autophagy blockage may facilitate ROS production.
SOD2 is localized in mitochondria and catalyzes superoxide anions to hydrogen peroxide. 33 Lactate uptake increases production of mitochondrial superoxide anions. 41 Up-regulation of SOD2 (Fig. 5A and Fig. 5B ) may be evolved by CAFs to cope with increased superoxide anions-induced by relatively high lactate content (Fig. 4C) . SOD2 has dual roles in tumorigenic progression, both as a negative modulator of cellular apoptosis and as a survival factor for cancer cells. [42] [43] [44] We found that when blocking autophagy, SOD2 expression is down-regulated in CAFs (Fig. 5C ). Blocking autophagy decreased expression of SOD2, LDHA and MCT4 that might contribute to enhanced ROS production, leading to low cell viability and increasing the sensitivity of CAFs to oxidative stress. In summary, ovarian CAFs utilize autophagy to eliminate intracellular ROS production when exposed to exogenous oxidative stress. Chemotherapeutic drugs commonly used in ovarian cancer including Taxol, cisplatin and cyclophosphamide can all cause oxidative stress. [45] [46] [47] Autophagy might possess clinical utility as an attractive target for ovarian cancer treatment in the future. 
Materials and methods

Cell culture
The primary ovarian cancer associated fibroblasts (CAFs) were isolated from ovarian cancer tissues. The normal fibroblasts (NFs) were isolated from non-cancerous prophylactic oophorectomy specimens. The clinical samples were approved by the Institutional Review Boards at Shanghai Jiaotong University, Shanghai, China. 1 cm tissue was cut into pieces and incubated in 10 ml 0.25% trypsin-EDTA (Invitrogen, Cat. 25200-072) for 15 min in a water bath set at 37 C, the solution was filtered and centrifuged to collect cells. The epithelial cells and the fibroblasts were separated by Percoll reagent (Yeasen Co. Cat. 40501ES60) as described previously. 48 The cells were cultured in DMEM culture medium containing 10% fetal bovine serum at 378C in a humidified atmosphere containing 5% carbon dioxide.
RNA sequencing and gene set enrichment analysis
Double stranded cDNA were purified and sonicated with Diagenode Bioruptor to obtain DNA fragments of 200 to 400 bp. The fragmented DNA was then A-tailed after end repair, ligated to the adaptors and PCR amplified according to the instructions of illumina Nextera DNA Sample Prep Kit. The NGS libraries were sequenced on the illumina GA IIx (single end, 75 bp length). The sequencing depth was 29 M and 23 M reads for NFs and CAFs, respectively. After mapping to the human genome with TopHat software, the FPKM (fragments per kilobase of transcript per million fragments mapped) of NFs versus CAFs and their Log2 fold change was calculated with Cufflinks software. Then the Log2 fold change of NFs vs. CAFs was used to generate the pre-ranked gene list and loaded to do the GSEA (gene set enrichment anylysis) with the gene set database c5.all.v3.0.symbols.gmt downloaded from MSigDB.
Reverse transcription, PCR and q-PCR
Cells were lysed with RNAiso reagent (TaKaRa). Total RNA was extracted and 1 mg RNA was reverse transcribed with M-MLV Reverse Transcriptase (Promega) and subjected to PCR or quantitative PCR (q-PCR). The primers for PCR and q-PCR were list in Table S1 and Table S2 , respectively. All the primers used in q-PCR were designed at http://pri merdepot.nci.nih.gov.
siRNA transfection and MTT assay
The cells were transfected with 80 nM of siRNA by using DharmaFECT reagent (Thermo Fisher Scientific Inc.) according to the manufacturer's instructions. siRNA were synthesized by GenePharma Co. siRNA sequences were as follows:
Nc (negative control siRNA), sense:
0 . The siRNA for Atg5 and Beclin were previously described. 49 For the MTT assay, cells were incubated with 0.2 mg/ml MTT (final concentration) for 4 h and lysed with 20% sodium dodecyl sulfate-50% dimethylformamide. The OD value was read at a test and reference wavelength of 490/ 630 nM with a Bio-Rad ELISA reader.
Intracellular pH measurement
Cells were seeded for 24 h, then the media were replaced with a high-potassium buffers (25 mmol/L HEPES, 145 mmol/L KCl, 0.8 mmol/L CaCl2, 5.5 mmol/L glucose) at different pHs (pH 6.7, 7.1, 7.4, 7.8, and 8.0) in the presence of permeabilizing agent nigericin (10 mM) and pH fluorescent dye BCECF-AM (0.1 mM, DOJINDO) at 37 C for 30 min, 50,51 lysed with RIPA buffer. The fluorescence was read at 488 nM by a fluorometer (Invision, PerkinElmer). A pH calibration curve was generated and the intracellular pH of NFs and CAFs were calculated accordingly.
Chemicals and antibodies
H 2 DCFDA and cisplatin were obtained from Sigma-Aldrich Co. Anti-LC3 (#3868), anti-FSP1 (#13018) and anti-LDHA (#2012) antibodies were obtained from Cell Signaling Technology. Anti-phospho-histone H3 pSer10 (PA5-17869) was obtained from Thermo Fisher Scientific. Anti-MCT2 (G-7), anti-MCT4 (H-90), HRP-conjugated goat anti-rabbit secondary antibodies were obtained from Santa Cruz Biotechnology. Anti-GAPDH, anti-vimentin and HRP-conjugated goat antimouse secondary antibodies were obtained from Boster Co. Anti-b-actin antibody was obtained from Transgene Biotech Co. Anti-p21 (WAF1/Cip1) (WL0362), anti-SOD1 (WL0184b) and anti-SOD2 (WL0530a) antibodies were obtained from Wanleibio Co.
Western blot analysis
Cells were lysed in RIPA buffer and quantified by bicinchoninic acid assay kit (Boster, Wuhan, China) for protein concentration. Next, 5 to 40 mg protein was loaded on to the gel and subjected to Western blot. Western blot results were quantified by Image J (NIH) software.
ROS measurement
Cells were stained with 20 mM H 2 DCFDA in DMEM without serum at 37 C for 15 min, and then cultured in complete DMEM for 1 h. Cells were washed with PBS and subjected to flow cytometric analysis (Beckman Coulter) or lysed in RIPA buffer and read at a wavelength of 488 nm with a fluorometer (Envision, PerkinElmer).
Cell cycle analysis
Cells were collected, washed with PBS, fixed in 70% ethanol at ¡20 C overnight, and then digested with 0.1 mg/ml RNase A and stained with 40 mg/ml Propidium iodide (PI). Cells were subjected to cell cycle analysis by a flow cytometer (Beckman Coulter) and MultiCycle AV software (Phoenix Flow System) was used for analyze cell cycle distribution.
Statistical analysis
Student's t-test was used to analyze the data. P values were calculated in individual assays and P < 0.05 was considered as statistically significant.
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